We investigate cosmological constraints on phenomenological models with discrete gauge symmetries by discussing the radiation of standard model particles from Aharonov-Bohm strings. Using intersecting D-brane models in Type IIA string theory, we demonstrate that Aharonov-Bohm radiation, when combined with cosmological observations, imposes constraints on the compactification scales.
Introduction
A discrete symmetry is one of the key ideas in constructing a phenomenologically viable model of particle physics. Various applications have been discussed (see [1, 2, 3] and references therein) in the contexts of stabilizing baryons, suppressing flavor changing neutral currents and fixing the quark and lepton mixing angles. Recent arguments by Banks and Seiberg shed new light on this subject from a different viewpoint [4] . It has been known that no continuous global symmetry is allowed in a consistent quantum theory of gravity such as superstring theories [5, 6] . Banks and Seiberg extended this "no global symmetries" theorem to also include discrete symmetries. Then, their arguments imply that, when one engineers phenomenological models in string theories, such discrete symmetries have to be gauged (if it is not broken explicitly). One of the typical origins of discrete gauge symmetries is an extra U(1) symmetry which is ubiquitous in various standard model-like theories engineered in string theories. Such a gauge symmetry is broken due to BF coupling (or Stückelberg coupling), but there often exists a remnant discrete gauge symmetry. In this sense, the appearance of discrete gauge symmetries is generic in string phenomenology.
The universal effective Lagrangian description of Z k discrete gauge theory was initially studied in [7] and recently revisited in [4] with a streamlined argument in light of BF coupling.
In the effective theory, there are several observables characterizing the discrete gauge theory. One of them is an Aharonov-Bohm (AB) string [7] . A characteristic feature of the AB string is the "confined magnetic flux". In Z k theory, it has 1/k unit of fundamental magnetic charge. Because of it, the Aharonov-Bohm string can nontrivially interact with an Aharonov-Bohm particle which is another observable characterizing the theory and carries an electric charge smaller than k in the fundamental unit. By circling around the string, the AB particle picks up a non-trivial holonomy. This is similar to the well-known Aharonov-Bohm effect of a solenoid [8] . This effect can be viewed as an interaction of the gauge potential A µ created by the string with the current J µ constructed out of the particle, L ∼ A µ J µ .
In string theories, discrete gauge symmetries have been widely studied from various points of view [9, 10, 11, 12, 13, 14] . For example, in [13] , BF coupling is derived by dimensionally reducing the Chern-Simons coupling in a flux compactification, and, in [10] , by dimensional reduction of the kinetic term of an RR-field in a compactification with discrete torsions. It is fascinating that seemingly different such studies can be understood in a uniform manner by BF couplings. An interesting aspect of discrete gauge symmetries realized in string theories is that AB strings and AB particles can be dynamical objects even if they are probes in the field theory limit. In this paper, we discuss such dynamical AB strings/particles in string theory and make a connection to cosmological observations through the Aharonov-Bohm interaction.
To achieve this goal, the key ingredient is to figure out the radiation of AB particles from AB strings, first pointed out in [15] . Recently, the radiation of bosonic and fermionic particles from moving solenoids has been explicitly calculated [16, 17] . Based on this interesting progress, we would like to go a step further, especially in the direction of understanding AB strings realized in string theories. It is worthy emphasizing that AB particles realized in string theory setup can be electrons or quarks, so AB radiation in this case is direct emission of particles in the standard model. Also in string theories, the existence of the extra dimensions, which makes a reconnection probability of strings small, increases the production rate of the AB particles.
The outline of this paper is as follows. In section 2, we first show one of the examples of discrete gauge symmetries realized in string theories. Then, we investigate the associated AB strings/particles in the context of D-branes and fundamental strings 1 . In section 3, we review the explicit calculations of the power of AB radiation along the lines of [16, 17] , and discuss the formulae that can be applicable to our models in a wide range of the parameter space. Then, we compute the total power of radiation from various sizes of loops. In section 4, we impose cosmological constraints arising from the Big Bang Nucleosynthesis (BBN) and the diffuse γ-ray background. In appendix A, we exhibit an example of standard model-like theories in Type IIA theory by means of intersecting D6-branes [11] .
2 Z k discrete gauge symmetry in Type IIA theory
In this section, we introduce a simple example of D-brane models with Z k discrete gauge symmetry, and study the energy scales of AB strings and AB particles. Since constructing a realistic standard model-like theory is technically involved and the details of the construction are not relevant in the present context, here we study a simplified version of the models and extract the essential phenomenon. An illustrating example of intersecting D6-brane models is shown in appendix A. Although we focus on a D-brane model for concreteness, which is one of recent progresses on discrete gauge symmetries in string theories [10, 11, 12, 13] , the essential arguments can be applied to various related models.
Consider Type IIA string theory compactified on a Calabi-Yau manifold with a pair of three-cycles intersecting once with each other (α · β) = 1. Suppose a D6-brane is wrapping on the cycle β. In this case, the reduction of the Chern-Simons couplings in the D6-brane 1 See [18] for earlier works on cosmic superstrings and [19] for reviews. action leads to the following BF coupling [11] 
where
where k is the wrapping number and C 5 is the Ramond-Ramond five-form field. This BFcoupling indicates the existence of Z k gauge symmetry in the four-dimensional effective theory.
At first sight, the action seems to preserve continuous U(1) symmetry. However, from the gauge transformations of the dual fields 2 φ and V µ , one can observe non-linear transformations which imply the breaking of U(1) symmetry,
Following [4] , let us consider Aharonov-Bohm strings/particles in this theory. AB particle is an object which electrically couples to the gauge field on the D6-brane. It is represented as a line operator by using a closed world-line (or infinite length of world-line) Σ 1 ,
Hereafter, we assume that AB particles carry the minimum charge of the discrete symmetry. From a ten-dimensional point of view, such an object is identified with the fundamental string ending on the D6-brane. k periodicity can be seen as a fact that k AB particles are annihilated with an instanton. With the dual field φ, one can consider an instanton operator e −iφ . However, this operator is not gauge invariant. To compensate the gauge non-invariance, we add line operators,
. L is the world-line ending at the point P where the instanton operator is inserted. Boundary contribution from the added line operator makes the total operator gauge invariant. The k world-lines disappear at the point P , and this phenomenon can be understood that the instanton annihilates k AB particles. This instanton operator electrically couples to φ, thus magnetically couples to C 2 . In ten-dimension, it is interpreted as a D2-brane wrapping on the cycle α.
An AB string is a string-like object electrically couples to C 2 . The operator corresponding to the AB string is written as follows:
where Σ 2 is a closed surface (or infinitely large world-sheet). In string theory, such an object couples electrically to C 5 , and is interpreted as a D4-brane wrapping on the cycle α. k AB strings annihilate with the monopole operator e −i L V (or junction operator in the terminology used in [13] ). Consider a world-sheet C with boundary L. Following the same argument above, it is easy to check that the operator, exp[−i L V + ik C C 2 ], is gauge invariant. Since the monopole is electrically coupled to V µ , or equivalently, magnetically coupled to A µ , we can identify it with a D4-brane wrapping on the β cycle and ending on the D6-brane.
The energy scales of the AB string and the AB particle highly depend on geometrical aspects of the D-branes and compactification manifolds. For example, as mentioned above, the AB particle is the fundamental string ending on the D6-brane. If there is no another D6-brane, then the other end of the string has to go to the spatial infinity, which implies that the AB particle has infinite mass and should be interpreted as a probe particle in the field theory. However, in the realistic model shown in appendix A, there is another intersecting D6-brane. In this case, the other end of the fundamental string can be placed on the other brane. Hence, the length of the string can be zero when it is placed at an intersection point of the D6-branes, thus the AB particle is massless 3 . Interestingly, in the realistic model, the fundamental strings stretching between two intersecting D6-branes correspond to the particles in the standard model such as leptons and quarks, so we conclude that AB particles are the standard model particles.
As for the AB string, the tension is governed by the volume V 3 of the cycle α
where T D4 is the tension of the D4-brane and g s , l s are the string coupling and length, re-
spectively. An interesting feature of the intersecting D-brane models is the hierarchy between the energy scale of string tension and the mass scale of the AB particle. Because of this fact, Aharonov-Bohm radiation, which we will show below, occurs at a drastic rate, and a large number of the standard model particles are emitted from the AB string. Also, the negligibly small mass of the AB particle makes calculation of AB radiation simple, and allows us to apply the formulae shown in [16, 17] directly to the present case. The AB string and the AB particle have nontrivial topological interaction. Suppose the particle with the minimum charge circles around the string. Since we put the string in the space-time, the action should include a source term of C 5 ,
where we assumed the minimum flux of the string. The holonomy picked up by the particle 3 Eventually they acquire masses via Higgs mechanism and Yukawa interactions.
is given by
where ∂σ = γ and Φ is the total magnetic flux in the AB string. In the last equality, we used the equation of motion for C 5 . This phenomenon is the well-known Aharonov-Bohm effect [8] . The interaction can be represented as a coupling of the gauge potential around the AB string to the current constructed out of the AB particles
In the next section, we will calculate the emission rate of AB particles with this interaction, basically following the paper [16, 17] .
Aharonov-Bohm radiation in string theory
In this section, we calculate the total power of radiated particles from Aharonov-Bohm strings.
The authors of [16, 17] studied radiation of bosons and fermions 4 from an oscillating string and loops with cusps or kinks within the validity of the wire approximation. Since we estimate rough order of cosmological constraints for such radiation, we will not carefully treat the order one coefficients of the results. In this case, there is no crucial difference between bosonic and fermionic radiation. In the discrete gauge theory, the gauge field around the string is massive, so the situation is slightly different from the solenoid in electromagnetism. Nevertheless, as
we will show below, we can simply apply the analysis of [16, 17] to the present case in a wide range of the parameter space. The first step for the calculation of the radiation power is to determine the gauge potential around the AB string. From the equation of motion for C 2 , we obtain
where we ignored the term coming from the kinetic term since it does not play any role below. J µν is the dual of the string current which can be represented in the wire approximation as
where σ, τ are the world-sheet coordinates of the AB string. In the momentum space, the solution of the equation is given by
This is exactly the same as the gauge potential around the solenoid shown in [15, 16, 17] .
With this gauge potential and the interaction (2.7), one can calculate the power of particle emission, following the strategy used in [16, 17] . In the example shown in the appendix, AB particles are leptons and quarks, so the currents should be represented as
3)
The relevant quantity to calculate in our purpose is radiation power from AB string loops with cusps or kinks. For a loop with the size L, we naively expect that the typical energy
However, near the cusps or kinks, high frequency modes should be included.
The maximum mode can be understood from the breakdown scale of the wire approximation, namely N max ∼ √ µL where µ is the tension of the string. According to the concrete calculations in [16, 17] , the total power of massless particle emissions is proportional to N max ,
Γ AB depends on dynamics of the strings and includes the average number of cusps (kinks) per oscillation. Although this formula is reliable for massless radiation, it can be applied to our model in a wide range of the parameter space: The dominant contribution of radiation comes from the high frequency modes N max ∼ √ µL, which can be large enough when the loops size is much larger than the width of the string. From (3.4), we naively expect that the dominant radiated energy is O( √ N max /L). If this energy scale is much larger than the mass scales of AB particles, then we can treat them as massless particles. By assuming that the string tension is in intermediate scale, this condition is easily satisfied. Also, in this case, it is reasonable to assume that radiated particles are relativistic. The next ingredient we should understand for a cosmological consequence of AB radiation is the number density of loops in the universe. In addition to the AB radiation, string loops emit gravitational waves through their oscillations. Its power is well known [20] ,
G is the Newton constant and Γ GW = O(10) depends on dynamics of strings (for example see [20] ). Comparing (3.4) with (3.5), we see that Aharonov-Bohm radiation is dominant for loops with small size. The critical length is
As in the standard cosmic strings [20] , AB strings are also assumed to reach the scaling regime by constantly loosing the energy by the gravitational wave and the AB radiation. In this assumption, the number density of the loop size between L and L + dL is given by
in the radiation-dominated era [20, 21, 22, 23] . Here, we added the effect of the reconnection probability. In string theories, due to the extra dimensions, the reconnection probability is smaller than unity [24] . However, the exponent b > 0 is ambiguous, which is usually expected to be one [25] , but in some cases, it can be larger or smaller than one [26, 27] . Also, the loop number density depends crucially on the size of a loop produced from a long string. This is the maximum size of the loops. According to the recent computer simulations of string networks [28, 29] , the typical initial size of the loops is governed by the cosmic time t when they are produced, L max ≃ αt with α ∼ 0.1. The parameter ξ is also determined by dynamics of cosmic string network. However, since there is no computer simulation of string network for AB strings, we simply speculate that it is the same order ξ = O(10) as the one for the standard cosmic strings [20] . Now we are ready to calculate the total power of the Aharonov-Bohm radiation. The power radiated by all loops isρ
The shortest size of the loops, L min , is determined by competition of the two types of radiation:
If the life-time of a loop is shorter than one Hubble time, then it cannot be observed in the universe. The power radiated by the gravitational wave is given by (3.5). So the condition for the shorter life-time is given by P
In the same way, we estimate the contribution from the Aharonov-Bohm radiation, P
Hence, the minimum size of the loop is written as
Since the two lengths scale as L GW ∼ t, L AB ∼ √ t, in the early stage the Aharonov-Bohm radiation is dominant. In the figure 1, we show the regions satisfying L AB > L GW at t = 1, 10 
Cosmological constraints
In this section, we discuss cosmological constraints arising from the Big Bang Nucleosynthesis (BBN) and the diffuse γ-ray background. In addition to these constraints, we have also investigated constraints coming from the Cosmic Microwave Background (CMB), re-ionization and the effective number of neutrinos along the lines of [33, 32] 5 (see [34] for a review). But since these constraints are relatively weak and covered by the BBN and the diffuse γ-ray background, we do not exhibit them here. In a field theory, topological solitons can be usually formed by the Kibble-Zurek mechanism [30] in the expanding universe. However, in the present string model, the phase transition corresponds to compactification of the internal space. To construct the standard model-like theories, we assume the existence of some of D6-branes. At the same time, if there is a few anti D6-branes floating in the spacetime, it is natural to guess that there also exist lower dimensional branes generated by D6-brane/anti D6-brane annihilation [40] . In any case, here 5 We would like to thank K. Kamada for useful conversations and sharing his unpublished notes.
we assume the existence of wrapped D4-branes corresponding to the Aharonov-Bohm strings in the early stage of the universe.
Big Bang Nucleosynthesis
To impose the BBN constraint, it is useful to introduce the energy injected in one Hubble time, ρ AB ≡ tρ, and divide it by the entropy density, s = (g * /45π) 
For convenience below, we also write down ρ AB /s,
(4.3)
A remarkable feature is the negative power of Gµ for the case L min = L GW . As the tension of the string decreases, the total radiated power increases. Hence, naively there is a chance to obtain the lower bound of the string tension, which is complementary to the future gravitational wave experiment. However, the story is not so simple. As shown in figure 1 , in the region of small tension, the minimum size of the loop is governed by the AB radiation, L min = L AB . In this case, as one can see in the second line of (4.3), Gµ has the positive power, which implies that the total power decreases as the tension becomes small. Owing to this involved fact, the cosmological constraints, which we will show below, depend sensitively on parameter choice.
To begin with, suppose the AB particle is a lepton of the standard model and the AB string associated with the discrete gauge symmetry radiates mainly leptons 6 . Radiation of leptons 6 AB strings associated with Z after the BBN epoch may cause photo-dissociation process of light elements and changes the light elements abundance. To avoid that, the radiated power should be constrained by [ .3). In this case, as we mentioned above, as Gµ decreases the total power of radiation increases. On the other hand, below the line, the second line of (4.3) should be used, in which the radiation power decreases with Gµ. Hence, the excluded regions form a "band-shape". Also, in general, the constraints become strong when k and p b are small.
Next, we study radiation of quarks from AB string 7 . Right after emission, quark turns into a hadronic jet, which affects successful BBN. The constraints for the hadronic radiation can be read off from [31] as 
Diffuse γ-ray background
Another stringent cosmological constraint after the recombination arises from observations of the diffuse γ-ray background. In the matter-dominated era, the number density of the loop size between L and L + dL is given by [20, 21, 22, 23] 
where t eq ≃ 1.8 × 10 12 [s] is the time the matter-dominated era begins, and the factor √ t eq appears for continuous connection to (3.7). Hence, the total power injected from the AB string can be written aṡ
Once electrons or quarks are produced, electromagnetic cascades are induced and the most of the energy fraction coming from the AB strings are immediately converted into a diffuse flux of γ-ray, which is constrained by the EGRET [36] and Fermi-LAT [37] experiments.
The constraint is given by the cascade energy density accumulated up to the present age, [21, 22, 23] , 8) where t cas is the time electromagnetic cascades become relevant. Before this time, produced photos are absorbed by the cosmological medium. Here, we assume t cas ≃ O(10
following [21, 22, 23] . Note that the minimum size of loops L min depends on time. From the condition L GW = L AB , we obtain the critical time after which the gravitation wave dominates the AB radiation
Hence, depending on Gµ there are three cases, t crit < t cas , t cas < t crit < t 0 and t 0 < t crit . The accumulated energy is, thus, calculated in each case separately,
for t crit < t cas ,
for t cas < t crit < t 0 ,
where we introduced the common factor,
Plugging this into (4.8), we obtain constraints for the AB radiation. In figure 4 , we exhibit excluded regions for t cas = 10 14 , 10 15 [s] with the parameters, p b = 10 −3 , α = 0.1, Γ AB = 50, Γ GW = 20 and ξ = 50. Since the constraint (4.8) is relatively weak, we used slightly different parameter choice from the one used in section 4.1. As one can observe from the figure 4, the upper boundaries of the excluded regions depend sensitively on the time t cas . It is interesting that lower regions of Gµ are excluded, which is complementary to the BBN results. 
Conclusions
In this paper, we studied radiation of the standard model particles from Aharonov-Bohm strings associated with discrete gauge symmetries. In intersecting D-brane models in Type IIA string theory, Aharonov-Bohm particles correspond to the particles in the standard model, and have light masses compared to the scale of the string tension. Owing to this fact, AharonovBohm radiation occurs at a drastic rate and non-trivial cosmological constraints coming from the BBN and γ-ray background were obtained. Also, small reconnection probability in string theory enhances the radiation power, so constraints shown in this paper become robust in string phenomenology. As for the case p b = 10 −3 , some regions in the scale 10
, which is complementary to the LHC and future gravitational wave experiments, are excluded for small k. The conditions are converted into relations for the compactification scale, the string scale and the string coupling since the string tension in the D-brane model
s . It would be interesting to explore further in this direction and study cosmological constraints in string theory. Extensions to supersymmetric models 8 are interesting since radiation of the lightest supersymmetric particles would lead to a stringent constraint for the AB radiation. We leave it as a future work. Finally, we would like to comment on a connection to inflations in string theories. One of the successful inflation models in string theories is KKLMMT model [41] , which successfully stabilize moduli in the string compactification. In the particular setup, D3 and anti-D3 branes on conifold were used and at the end of the inflation, D3/anti-D3 annihilation occurs.
According to [42] , after the tachyon condensation, the geometry allows to possess a discrete gauge symmetry in the IR dual field theory. The IR tip of the conifold corresponds to the gaugino condensation which breaks U(1) R symmetry in the UV theory down to Z 2 symmetry. A natural candidate for the Aharonov-Bohm string associated with the Z 2 symmetry is D1 string which can be created by the tachyon condensation of D3/anti-D3 branes. Thus, in this setup, the AB string is not diluted by the inflation but rather plays important role for probing the high energy physics. Naively we can expect that the AB string radiates the standard model particles since the annihilation of D3/anti-D3 have to reheat the standard model particle for successful inflation. So the argument shown in this paper may give a constraint for such model building. In fact, in the model KKLMMT, for successful inflation, the string scale and string coupling get a constraint which can be converted to the constraint for the tension of the D1 string, 10 −12 ≤ Gµ ≤ 10 −6 [18, 19] . As shown in this paper, this parameter region severely constrain by the AB radiation 9 . Since the detail studies of such constraints are our of our scape, we would like to leave them as a future work.
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In this appendix, we discuss Type IIA orientifold models with intersecting D6-branes wrapping on three-cycles as an illustrative example of the arguments given in the main text. Depending on the wrapping numbers of D6-branes on the three-cycles, we can engineer various discrete gauge symmetries in the four-dimensional effective theory [11] . Such discrete symmetries are originated from the extra U(1) symmetries which are ubiquitous in realistic model buildings in string theories (see [39] for reviews). In this case, particles in the standard model naturally carry charges of the discrete symmetries. Namely, they are Aharonov-Bohm particles. 
An appropriate choice of intersection numbers yields the correct numbers of the chiral fermions in the standard model. Charge assignments for each U(1) symmetry is shown in the table A. One linear combination of the U(1) symmetries corresponds to the hypercharge
where Q i 's is the generator of each U(1) symmetry. In the case of toroidal orientifold models, the three-cycles are constructed out of one-cycles in
We denote the three tori as (T 2 ) i with i = 1, 2, 3, and one-cycles a i , b j . The intersection numbers of the one-cycles are a i · b j = δ ij . Four independent pairs of three-cycles are distinguished by even or odd under the orientifold action. The cycles α i (cycles β i ) are even (odd),
The wrapping numbers of D6-branes on the three-cycles are given by products of the wrapping numbers of each one-cycle. Suppose that D6-branes are wrapping on three-cycles as follows, Others are all zero. 10 We choose n The Chern-Simons terms of D6-brane action contain
where Γ * A stands for the mirror image of A. In the present example, the Chern-Simons terms lead to BF couplings, From this, we conclude that two linear combinations of U(1) symmetries are massivẽ
The BF couplings (A.8) indicate two discrete gauge symmetries,
Aharonov-Bohm strings associated with Z I 3 are string-like objects electrically coupled to C 2 2 , so in ten dimensions, it can be interpreted as a D4-brane wrapping on β 2 cycle. According to [4] , three AB strings can be annihilated with a monopole that is magnetically coupled to the gauge field,Ã I µ , corresponding to the generatorQ I in (A.10). From D6-brane point of view, the endpoint of a D4-brane can be interpreted as a magnetic monopole (for example, see [40] ). In the present model, such D4-brane has a finite mass by wrapping on β 2 cycle and a one-cycle. The minimum size of one-cycle gives the lightest monopole. On the other hand, AB particles associated with Z As we explained in the main text, AB strings and AB particles have non-trivial interactions. In circling around the AB string, the AB particle picks up a non-zero holonomy. This interaction is quantum and topological, so it is relatively weak. However, direct radiation of the standard model particles with small reconnection probability gives us a cosmologically detectable size of effect.
11 Q L , U R and D R have charges of multiples of three which are trivial in the symmetry.
